The precise impact of age-related changes in hormone levels on cognition in men is still unclear due to differing study designs and contradictory findings. This study was undertaken to examine the relationship between endogenous sex hormone levels and cognitive functioning in healthy older men using a comprehensive battery of neuropsychological tests and measurement of serum sex hormone levels. Verbal learning and memory, visual-motor processing, spatial abilities, working memory and attention, and levels of testosterone and estradiol were evaluated in 54 healthy older men. Regression analyses revealed significant curvilinear associations between working memory function and both free and bioavailable testosterone levels, suggesting that an optimal hormone level may exist for maximal performance on tasks of executive/frontal lobe functioning. However, no other relationships were evident between either estradiol or testosterone levels and any of the other cognitive functions evaluated. Hormone assays performed at the end of the study revealed that a considerable portion of the healthy elderly men in our sample met criteria for hypogonadism and suggests that their low hormone levels may have mitigated against discovering other significant hormone-cognition relationships.
Introduction
In men, approximately 50-60% of circulating testosterone is tightly bound to sex hormonebinding globulin (SHBG), a hepatic protein, while approximately 40-50% is more loosely bound to albumin (Kaufman and Vermeulen, 2005) . Consequently, only about 1-2% of circulating testosterone in men is free or unbound in serum (Kaufman and Vermeulen, 2005) . The relevance of these steroid dynamics lies in the fact that the portion of testosterone bound to SHBG is not available to the tissues for biological activity but the portion of testosterone bound to albumin and the portion that is unbound are available to exert biological activity (Manni et al., 1985; Pardridge, 1981; Pardridge and Mietus, 1979; Vermeulen et al., 1969) . Therefore, the most meaningful estimate of the amount of testosterone available for biological activity in men is determined by the assay of bioavailable testosterone (i.e., the free and the albumin-bound fractions).
With increasing age, declines in total, free, and bioavailable testosterone levels occur in healthy males (Feldman et al., 2002; Gray et al., 1991; Harman et al., 2001; Morley et al., 1997; Zmuda et al., 1997) . Several large cross-sectional and longitudinal studies that have investigated sex steroid hormone levels in elderly men found that free and bioavailable testosterone levels decline by approximately 1-2% annually from age 40 onwards (Feldman et al., 2002; Gray et al., 1991) , while the incidence of hypogonadism (total testosterone levels lower than 11.3 nmol/l or 325 ng/dl) rises from roughly 20% in 60-69 year old men to approximately 50% in those over 80 years of age (Harman et al., 2001) . Moreover, since 80% of estradiol in males comes from the peripheral conversion of testosterone (Braunstein, 1994; Vermeulen et al., 2002) , a natural consequence of the gradual age-related decreases in testosterone levels in aging men is a concomitant decline in total and bioavailable estradiol levels with increasing age (Ferrini and Barrett-Connor, 1998 ).
The gradual decrease in testosterone and estradiol levels in aging men has numerous physiological and behavioral effects, most notably, decreases in muscle mass, bone mass, immune function, libido, and mood (for review, see Kaufman and Vermeulen, 2005) . There is also evidence that declining sex steroid hormone levels are implicated in age-related changes in cognitive function, such that verbal and spatial abilities are most affected. Specifically, testosterone may enhance spatial abilities in healthy men. Correlational studies found that higher endogenous levels of testosterone were positively associated with scores on tests of spatial abilities in both younger and older men (Christiansen and Knussmann, 1987; Silverman et al., 1999; Thilers et al., 2006; van Strien et al., 2009) . Randomized controlled trials have also found a beneficial effect of exogenous testosterone on spatial abilities in both healthy older men (Cherrier et al., 2001 (Cherrier et al., , 2007 Janowsky et al., 1994) and in men with mild cognitive impairment (Cherrier et al., 2005a) . However, numerous studies failed to demonstrate a positive relationship between endogenous testosterone levels and spatial cognition in young (Halari et al., 2005; McKeever and Deyo, 1990; Moffat and Hampson, 1996; Shute et al., 1983; Yonker et al., 2006) and in older men (Fonda et al., 2005; Perry et al., 2001; Yonker et al., 2006) , or have failed to find an enhancement of spatial abilities following testosterone treatment in older men (Sih et al., 1997; Wolf et al., 2000) . These inconsistencies suggest that the relationship between testosterone and spatial cognition may be complex. Moreover, the diversity in experimental designs and in methodologies used to investigate the relationship between the sex steroid hormones and aspects of cognition in men (correlational vs. experimental), as well as differences in subject populations (young vs. old, hypogonadal vs. eugonadal) and the neuropsychological measures used, have likely contributed to the lack of consistency between studies, making it difficult to draw definitive conclusions.
In addition to the partial support for the positive relationship between testosterone and spatial cognition, there is reason to believe that estradiol has a positive influence on performance on tasks of verbal memory in men, just as it does in women (Sherwin and Henry, 2008) . For example, in randomized controlled trials, older men who had higher levels of both testosterone and estradiol subsequent to testosterone treatment exhibited better performance on tests of verbal memory compared to their own pretreatment scores (Cherrier et al., 2001 (Cherrier et al., , 2005b (Cherrier et al., , 2007 ) and compared to men treated with placebo (Cherrier et al., 2001 (Cherrier et al., , 2005b . Moreover, when testosterone plus an aromatase inhibitor or testosterone-alone were randomly administered to older men, improvements in verbal memory were evident only in the group treated with testosterone-alone (Cherrier et al., 2005b) , suggesting that estradiol, aromatized from testosterone, was responsible for the enhancement of verbal memory that occurred in these testosterone-treated older men. Despite these findings, however, others have failed to demonstrate a positive relationship between estradiol levels and verbal memory in men (Carlson and Sherwin, 2000; Hogervorst et al., 2004; Janowsky et al., 1994; Kampen and Sherwin, 1996; Muller et al., 2005) . Moreover, significant positive associations between estradiol levels and performance on tests of visual memory (Kampen and Sherwin, 1996) , spatial span (Hoger-vorst et al., 2004) , and global cognitive functioning (Senanarong et al., 2002) have also been found in men, suggesting that estradiol may affect numerous cognitive functions in addition to its potential influence on verbal memory.
Finally, few studies have investigated the relationship between testosterone and working memory, a frontal lobe function, in older men. In a double-blind randomized-controlled trial, working memory performance improved pre-to post-treatment in older men given 4-weeks of testosterone supplementation whereas no change occurred in those who received placebo (Janowsky et al., 2000) . However, Cherrier et al. (2005b) failed to find changes in working memory in healthy older men treated with testosterone compared to an age-matched control group who were not taking testosterone. Given that the prefrontal cortex is among the first brain regions to show signs of atrophy with age (Raz et al., 1997; Salat et al., 1999; Raz, 2000 Raz, , 2004 Anderton, 2002; Shan et al., 2005) , and that areas in the prefrontal cortex are involved in working memory functions (see review by Owen, 1997) , more studies evaluating the effects of testosterone on frontal lobe-mediated working memory function in aging men are needed to further elucidate this relationship.
The present study was undertaken to examine possible relationships between endogenous sex hormone levels and cognitive functioning in healthy older men using a comprehensive battery of neuropsychological tests and measurement of serum sex hormone levels. The rationale for choosing specific cognitive tests was that they either demonstrated sex differences or their scores correlated with circulating levels of the sex steroid hormones in men or women in previous studies. It was hypothesized that testosterone levels would be positively associated with performance on tasks of visual-motor processing and spatial abilities (e.g., mental rotation task, paper folding task, water level test, block design task, digit symbol) and working memory in healthy, older men. Second, it was predicted that estradiol levels would be positively related to performance on tasks of verbal memory (e.g., verbal memory/paragraph recall, verbal paired-associates test) in older men.
Participants
Sixty-six healthy male volunteers were recruited through advertisements posted in local newspapers. Potential participants were screened over the telephone to ensure that they had no current medical or psychiatric disorders and were not taking any medications that could potentially interfere with cognitive functioning, including psychotropic medications (mood stabilizers, antipsychotics, antide-pressants, anxiolytics, anticonvulsants, stimulants or sedatives). Men who were taking medications that could potentially influence their sex hormone levels (i.e., leuprolide acetate, goserelin acetate, or finasteride) were also excluded from the study. Additional exclusion criteria included a history of stroke, transient ischemic attack, myocardial infarction, and psychiatric illness (e.g., bipolar disorder, major depressive disorder, generalized anxiety disorder, schizophrenia), smoking 10 cigarettes or more a day for a period of 20 years or equivalent, intake of four alcoholic drinks or more a day for 3 years, history of head injury that resulted in loss of consciousness, or the suspected or confirmed presence of mild cognitive impairment or other neurological disorders (e.g., Alzheimer's disease, Parkinson's disease). Of the 66 men who answered the advertisement, 2 participants were excluded because they had a history of a heart attack, 1 had a history of a transient ischemic attack, 1 had an history of a viral central nervous system illness, 1 had uncontrolled diabetes, 2 were excluded because they were currently using psychotropic medications, and 2 for the current use of finasteride. Two participants with a score of 14 or higher on the Beck Depression Inventory were excluded and, with their permission, were referred for psychiatric services to their local community health clinic. Additionally, one participant with a score of 21 on the Mini-Mental State Examination was excluded and, with his permission, was referred to his family physician for follow-up. Therefore, the final sample consisted of 54 men ranging in age from 61 to 77 years (mean=68.55±4.39 years) with a mean of 15.15 (±3.34) years of formal education (Table 1) .
Test battery
Demographics questionnaire-Potential participants were screened over the telephone using a brief questionnaire to assess their general medical history and health habits including drinking and smoking. Sociodemographic information such as age and level of education was also collected as these factors are independent predictors of cognitive performance (Evans et al., 1997) .
Screening measures
Depression measures: The Beck Depression Inventory (BDI) (Beck and Steer, 1993 ) is a 21-item self-report inventory designed to measure the extent and nature of depressive symptoms during the previous two weeks. A higher score is indicative of a higher level of depression. Scores between 0 and 13 are considered to be within the normal range.
The Geriatric Depression Scale (GDS):
The Geriatric Depression Scale (GDS) (Yesavage et al., 1983 ) is a 30-item inventory designed to measure the extent and nature of depressive symptoms on the day of administration. A higher score is indicative of a higher level of depression. Participants with a score of 12 or higher on the GDS were considered to be depressed.
General cognitive and mental status:
The Mini-Mental State Examination (MMSE) (Folstein et al., 1975 ) assesses global cognitive functioning. A score between 24 and 30 is considered to be within the normal range (Folstein et al., 1975) . Participants with a score of 23 or lower on the MMSE were excluded from the study.
Neuropsychological test battery

Spatial ability
Mental rotation test:
The adaptation (Vandenberg and Kuse, 1978) of the threedimensional mental rotation test (Shepard and Metzler, 1971) was used. This test measures one's capacity for mental manipulation and rotation of geometric shapes. Participants are presented with an image of a three-dimensional geometric object and asked to determine what the object would look like if it had been rotated in space and were required to choose two correct responses from the four possibilities presented for each item. Participants were presented with 12 such items and were given 8 min to complete as many of them as possible. For a correct response, both choices for an item had to be correct. One point was awarded for each correct response.
Water-Level Test:
The Water-Level Test (Piaget and Inhelder, 1956 ) is a measure of spatial perception. Participants were presented with six different images of empty bottles that were tilted at various angles. They were asked to imagine where the liquid would be in that bottle if it was half full of liquid, and were asked to mark the appropriate water level for each tilted bottle. The number of degrees between the participant's response and the correct response was tabulated. The smaller the discrepancy between the participant's response and the correct response, the lower is the score on this task and, thus, the better the performance. A discrepancy of 5° or less was considered a correct response, for a maximum score of six.
Paper Folding Test:
The Paper Folding Test (Ekstrom et al., 1976 ) is a measure of mental manipulation. Participants were presented with graphical representations of a piece of paper being folded several times before a hole was punched through it. They were then asked to imagine the placement of the holes if the paper was unfolded. For each item, participants were presented with five possibilities from which to choose. Ten items were presented within a time limit of 3 min. One point was awarded for each correct response, for a maximum score of 10.
Block Design: The Block Design subtest of the WAIS-III (Wechsler, 1997 ) is a measure of spatial/visuoconstructive skill known to be sensitive to T levels. Participants were presented with a series of designs and were asked to reconstruct each image as quickly as they could with the blocks provided. The test consists of nine images with three images per difficulty level (i.e., easy, moderate, and hard). Participants were given 60 or 120 s to reconstruct each image, depending on the difficulty level. Points were allocated based on time to completion of the task, with time bonuses offered for faster completion times. If a participant was unable to reconstruct three consecutive images, the task was discontinued.
Verbal ability
Verbal memory/paragraph recall: The Logical Memory subtest of the Wechsler Memory Scale-Revised (Wechsler, 1987) measures verbal recall. Participants were presented with a story consisting of five sentences and were asked to recall the paragraph verbatim immediately following presentation and again, following a 45-min delay during which other tests were being administered. Scores on the immediate and delayed portions of the test were then computed using the Wechsler (1987) guidelines.
Verbal Paired-Associates: The Verbal Paired-Associates is a subtest from the Wechsler Memory Scale-Revised (Wechsler, 1987) . Participants were read a list of 10 word pairs presented in random order several times. Immediately following each presentation and, again, following a 45-min delay, participants were cued with the first word in the pair and were asked to recall the accompanying paired word. One point was awarded for each related paired associate recalled (i.e., easy task) and two points for each unrelated paired associate recalled (i.e., hard task).
Visuomotor scanning
Digit Symbol: The Digit Symbol subtest of the WAIS-III (Wechsler, 1981 ) is a measure of visuomotor scanning and processing speed in which females have been shown to excel (Mann et al., 1990) . Participants are presented with a row of numbers at the top of the page, ranging from 1 to 9, each of which had a symbol directly below it. Below, participants are presented with a series of randomly devised numbers and are required to match each number with its corresponding symbol. They are given 2 min to complete as many symbols as possible. One point is allocated for each correct response.
Working memory
Letter-Number Sequencing: The Letter-Number Sequencing task (Wechsler, 1981) involves the oral presentation of a string of numbers and letters which participants are asked to order, starting with the numbers in ascending order, followed by the letters in alphabetical order. One point is awarded for each correct response generated for a maximum score of 21 points. The task is discontinued when a participant receives a score of zero on all three strings of letters and numbers in a given span size.
Hormone assays
Total testosterone, total estradiol, albumin, and SHBG were assayed following the conclusion of the study by the Endocrine Research Laboratory, Hotel Dieu Hospital, Montreal, Canada. T levels were assayed using the DSL Radioimmunoassay kit (Diagnostic Systems Laboratories, Webster, TX). The intra-assay (within-run) coefficient of variation (C.V.) for this assay varied between 7.8% and 9.6% and the inter-assay C.V. varied between 8.4% and 9.1% for total testosterone in the ranges from 2.4 to 68.4 nmol/l. This assay has a sensitivity of 0.28 nmol/l. Estradiol levels were assayed using the ADVIA Centaur Estradiol-6 assay kit (Bayer Corporation, USA). The intra-assay C.V. was 9.7% for estradiol in the range from 36.8 to 461.6 pmol/l. The minimum sensitivity/detection limit of estradiol was 36.7 pmol/l. Plasma SHBG levels were measured using the DPC Immunoradiometric assay kit (Diagnostic Product Corporation, Los Angeles, CA). The intra-assay C.V. for this assay ranged from 2.8% to 5.3% and the inter-assay C.V. ranged from 7.9% to 8.5%. Sensitivity of this assay is 0.04 nmol/l. The percentages of undetectable levels were 0.0% for testosterone, estradiol and SHBG. Plasma albumin levels were measured using the ADVIA 1650 Albumin assay kit (Bayer Corporation). Bioavailable testosterone was calculated using the Södergård equation (Sodergard et al., 1982) using constants from Rosner (1997) .
Procedure
Fifty-four men who met the selection criteria voluntarily agreed to participate in the study and signed a consent form that had been approved by the Institutional Review Board, Faculty of Medicine, McGill University, Montreal, Canada. Participants were tested individually in the Human Psychoneuroendocrinology Laboratory at McGill University. A blood sample was obtained from each participant by a registered nurse or blood technician at the beginning of each test session. Samples were centrifuged immediately to separate the serum which was then stored at −50 °C until the end of the study. All test sessions were scheduled between 9 and 11 AM to control for the circadian rhythm in testosterone levels (Bremner et al., 1983) . Following the drawing of the blood sample, a general demographics questionnaire was completed and then the battery of neuropsychological tests was administered. The test session lasted approximately 2.5 h. Participants were remunerated $15 for their transportation expenses. Anonymity and confidentiality were maintained by assigning each participant a number used to identify their questionnaires and blood samples.
Statistical analyses
All statistical analyses were performed using the SPSS version 11.0 program. All raw scores were transformed into z-scores to facilitate comparison across tasks. A Principal Components Analysis (PCA) was performed to cluster related variables into components that could represent a specific cognitive ability (not shown). Based on the PCA, the z-scores of highly loading variables were averaged to form a composite score. Hierarchical regressions, controlling for the effects of age and education, were then used to examine the associations between the sex steroid hormone levels and scores on tests of cognitive function. The presence of curvilinear relationships was tested with the addition of quadratic terms to the regression models. Thus, each cognitive measure (variable or component) was first regressed on age and education levels in Block 1, followed by the linear term for the hormonal variable of interest in Block 2 and finally on the quadratic term for the hormonal variable of interest in Block 3. To reduce the influence of outliers, subjects with values greater than 3 SD from the mean on any outcome measure were excluded from analyses involving that variable; three such cases existed.
Results
Sample characteristics
Demographic characteristics of the participants are presented in Table 1 . The men were, on average, 68.6 years of age, middle-class and well-educated, with a mean of 15 years of formal education. Mean total testosterone, free testosterone, bioavailable testosterone, total estradiol, albumin and SHBG levels for the entire sample of men are presented in Table 2 .
According to the norms provided by the laboratory that performed the assays, mean total testosterone, free testosterone, bioavailable testosterone, and total estradiol levels fell within the low normal range for men in this age group, and 50% of the sample met criteria for hypogonadism (bioavailable testosterone levels below 3.8 nmol/l). However, none of the participants had values at or near the detection limit, with the lowest individual total testosterone value in our sample being 5.66 nmol/l. Total testosterone, free testosterone, and bioavailable testosterone levels were moderately and significantly correlated with one another (total and free testosterone, r=.510, p<.001; total and bioavailable testosterone, r=. 504, p<.001). Age was negatively associated with lower free testosterone levels (r =−.343, p <.001) and with bioavailable testosterone levels (r=−.343, p<.001), and positively associated with higher SHBG levels (r=.270, p<.001). Table 3 contains the mean scores and standard deviations for the psychological and cognitive test measures of the entire sample of healthy, older men.
Neuropsychological testing
Spatial abilities-Spatial abilities were tested using the Mental Rotation Test, the Paper Folding Test, the Water Level Test, and the Block Design Test. Scores on these tests were significantly correlated, with correlation coefficients ranging between 0.3 and 0.7. Hierarchical linear regression coefficients for the association of circulating estradiol and testosterone levels and spatial abilities were not significant.
Verbal memory-Verbal memory performance was tested using the immediate and delayed test scores from both the Logical Memory and the Verbal Paired Associates Tests. Scores on these tests were significantly correlated, with correlation coefficients ranging between 0.5 and 0.8. Hierarchical linear regression coefficients for the association of circulating estradiol and testosterone levels and verbal memory performance were not significant.
Working memory-Working memory function was evaluated using the Letter-Number Sequencing Test. Results of the hierarchical linear regression analyses, in which age and education were covariates, revealed significant quadratic relationships between working memory performance and both free testosterone, R 2 =.183, adjusted R 2 =.116, F(4, 53)=2.738 (p=.039), and bioavailable testosterone, R 2 =.183, adjusted R 2 =.117, F(4, 53)=2.752 (p=. 038), respectively. Hierarchical regression results for free testosterone and working memory appear in Table 4 . Regression results for bioavailable testosterone levels and working memory were similar (not shown).
Visuomotor processing speed-Visuomotor processing speed was evaluated using the Digit Symbol Test. Hierarchical linear regression coefficients for the association of circulating estradiol and testosterone levels and visuomotor processing speed were not significant.
Discussion
The present study was undertaken to examine the relationship between endogenous sex hormone levels and cognitive functioning in a sample of 54 healthy elderly men. Contrary to our first hypothesis, regression analyses failed to reveal significant associations between either total, free or bioavailable testosterone levels and performance on tasks of spatial abilities (as measured by a composite score). These results are consistent with those of several other studies that failed to find a relationship between testosterone levels and spatial abilities in men (Bhasin et al., 2001; Fonda et al., 2005; Halari et al., 2005; Perry et al., 2001) . In particular, our results accord with those from a large correlational study in which there was no association between either total or free testosterone levels and performance on tests of spatial abilities in a sample of 981 men whose mean age was 63 years (Fonda et al., 2005) . However, our findings are inconsistent with those of other studies that found either positive linear relationships (Christiansen and Knussmann, 1987; Gordon and Lee, 1986; Hooven et al., 2004; Moffat et al., 2002; Silverman et al., 1999; Thilers et al., 2006; van Strien et al., 2009) or quadratic/curvilinear relationships (Gouchie and Kimura, 1991; Moffat and Hampson, 1996; O'Connor et al., 2001 ) between endogenous testosterone levels and spatial abilities in men. For example, in a large population-based study conducted in 1107 men aged 35-90 (mean age=62±14 years), higher free testosterone levels were associated with better performance on the Block Design subtest of the WAIS (Thilers et al., 2006) . Similarly, a prospective longitudinal study conducted in 400 men aged 50-91 years of age (mean age=64±9 years) followed for over 10 years reported a significant positive relationship between free testosterone levels and performance on the Card Rotations Test, a task measuring mental rotation abilities (Moffat et al., 2002) . Thus, in these two studies with significantly larger sample sizes than the present study, a different pattern of results emerged, with significant positive relationships between endogenous free testosterone levels and spatial abilities. Indeed, the main strengths of these two studies were their large sample sizes and wide age ranges, which may have allowed them to capture more variability in testosterone levels than occurred in our study of older men with a more restricted age range. It is also possible that differences in data analytic methods (composite scores vs. individual test scores), in hormone assay methods, and the use of different cognitive measures may also have accounted for the inconsistent findings.
Other studies found quadratic, or curvilinear, relationships between endogenous testosterone levels and scores on tests of spatial abilities (Gouchie and Kimura, 1991; Moffat and Hampson, 1996; O'Connor et al., 2001; Shute et al., 1983) . However, all four studies sampled young, college-age participants and three of the four (Gouchie and Kimura, 1991; Moffat and Hampson, 1996; Shute et al., 1983) tested both women and men and analyzed their data together so that it is difficult to interpret these findings. However, a study that evaluated the effects of different doses of exogenous testosterone on cognition in 57 healthy, eugonadal older men aged 50-90 years provided more definitive evidence of a curvilinear relationship between testosterone levels and spatial abilities in men (Cherrier et al., 2007) . Significant improvements occurred in verbal and in spatial memory scores in men whose testosterone levels were elevated into the normal to high-normal range of serum values following 6-weeks of exogenous testosterone administration. On the other hand, a significant increase in scores on tests of verbal and in spatial memory failed to occur in men who had randomly received either a placebo or a low dose of testosterone which failed to significantly increase testosterone levels, or in men who randomly received a supraphysiological dose of testosterone which increased their testosterone levels into the supraphysiological range. This suggests that testosterone levels that fall into the middle of the average male range may be optimal for maximal performance on tasks of spatial abilities and, as a corollary, that testosterone levels above or below this mid-range may result in poorer performance on tests of spatial abilities. The fact that endogenous testosterone levels fell within the lower onethird of the normal male range in our sample of healthy older men may explain why we did not detect more significant hormone-cognition relationships. Moreover, 50% of the healthy elderly men in our sample (27/53) were hypogonadal, with morning levels of bioavailable testosterone below 3.8 nmol/l (Morales and Lunenfeld, 2002) which resulted in less variability in their testosterone levels thereby making it more difficult to find significant relationships between hormone levels and aspects of cognitive functioning.
Finally, a negative association between free testosterone levels and scores on a test of spatial visualization occurred in a study of 450 men aged 35-80 (Yonker et al., 2006) . However, these participants were considerably younger (54±13 years) than the men in the present study (69±4 years) and the proportion of men who were found to be hypogonadal following hormonal assays was not reported. This is a potentially important omission since the variability in testosterone levels is reduced in hypogonadal men. Moreover, direct RIA methods for analyzing free testosterone levels, such as those used in their study, can be inaccurate (Rosner, 2001; Vermeulen et al., 1999) .
The second hypothesis that total estradiol levels would be positively related to performance on tasks of verbal memory in our sample of healthy, older men was not supported; no significant associations between total estradiol levels and scores on tests of verbal memory were found. However, significant improvements in verbal memory scores following increases in circulating estradiol levels subsequent to exogenous testosterone treatment in older men have been reported in the literature, and may have occurred in those studies because some of administered testosterone was aromatized to estradiol (Cherrier et al., 2001 (Cherrier et al., , 2003 (Cherrier et al., , 2007 . In contrast, when the association between endogenous levels of estradiol and performance on tests of verbal memory in older men was explored in correlational studies, no relationship between estradiol levels and verbal memory in men was evident (Carlson and Sherwin, 2000; Hogervorst et al., 2004; Kampen and Sherwin, 1996; Muller et al., 2005; Martin et al., 2007) , consistent with the present findings. The absence of an estradiol-verbal memory association in men may be due to the fact that levels of endogenous estradiol in older men are very low. Indeed, in the present sample, mean estradiol levels of our healthy older men fell within the lower one-third of the normal male range, and suggests that significant relationships between endogenous estradiol levels and aspects of cognition are likely more difficult to detect in healthy older men whose endogenous estradiol levels remain relatively stable at low levels. Indeed, as men age and their endogenous sex steroid hormone levels decline, weaker hormone-cognition associations would be expected.
Importantly, the hospital laboratory that carried out our RIAs does not measure free or bioavailable estradiol levels. This raises the possibility that our failure to find a significant relationship between estradiol levels and verbal memory performance may have occurred because we were only able to measure total estradiol, as opposed to free or bioavailable estradiol. It is important to recall that the essential difference between total, free, and bioavailable estradiol is whether or not SHBG and plasma albumin values are taken into account in their derivation. The assay for total estradiol includes the amount of circulating estradiol that is bound and inactivated by SHBG, whereas free estradiol represents the amount of estradiol that is not bound to SHBG (and therefore free to exert biological activity) and bioavailable estradiol is the amount of estradiol not bound to either SHBG or to albumin in serum which is thought to represent the most meaningful estimate of estradiol in the tissues. This is even more important in older men since SHBG levels begin to increase gradually and continuously during young adulthood so that, by age 85 years, SHBG levels are nearly double the values seen in 25 year old men . These known age-related increases in SHBG levels would compromise the validity of total estradiol values whereas measures of either free or bioavailable estradiol which correct for the higher SHBG levels in older men would be more accurate (Vermeulen, 1996) . Indeed, it is likely that these steroid dynamics may underlie the conflicting findings between studies that investigated sex steroid hormones and cognition in men, and would be a particular problem with regard to the interpretation of studies that assayed only levels of total testosterone and estradiol. Although this would appear to strengthen the argument that measures of free or bioavailable sex steroid hormone levels would be more reliable in investigations of hormone-cognition relationships (Moffat et al., 2002; Thilers et al., 2006; Yaffe et al., 2002) , it is counterintuitive that a recent cross-sectional study evaluating cognition in 198 older men with or without prostate cancer, found few differences in cognition when total or bioavailable testosterone levels were used (Alibhai et al., 2009) . Once again, this may have occurred because associations between endogenous sex steroid hormones and cognition may be difficult to detect in older men, even when bioavailable fractions of sex hormones are measured, because of their very low circulating levels.
Finally, the prediction that a significant positive association would be evident between testosterone levels and working memory performance was partially supported by our findings of significant curvilinear relationships between working memory performance and both free and bioavailable testosterone levels. Few studies have investigated the relationship between testosterone and working memory/executive function in older men. In two large correlational studies, negative associations were found between testosterone and working memory/executive function such that both higher free and total testosterone levels were associated with poorer executive function performance in 1046 middle aged and elderly men aged 35-80 (Martin et al., 2007) and a negative association between total, but not bioavailable, testosterone levels and working memory function was found in a sample of 198 older men aged 50-87 (Alibhai et al., 2009) . Conversely, in a placebo-controlled treatment study, increases in free testosterone levels following testosterone treatment resulted in improved working memory performance in 10 older men aged 61-75 (Janowsky et al., 2000) . Similarly, Muller et al. (2005) found a significant positive linear association between total testosterone levels and executive function in a sample of 400 men aged 40-80 and both higher total and bioavailable testosterone levels were associated with better performance on executive function in a subgroup of older men aged 71-80. Additionally, a trend for a quadratic relationship between bioavailable testosterone levels and executive function was found in their sample of middle aged and elderly men (Muller et al., 2005) . Given the contradictory nature of extant research findings on testosterone and working memory/ executive function, it is difficult to reconcile the current finding with the existing literature. Clearly, more research is needed to determine the effect of testosterone on frontal lobemediated cognitive functions in older men.
The major limitation of our study was its correlational design which does not allow causeand-effect statements. On the other hand, it provides further information on the relationship between endogenous sex hormone levels and cognitive functions in healthy older men. Because our sample was predominantly Caucasian, it is not known whether these findings would generalize to other racial/ethnic segments of the population. Moreover, although none of the men in our study were apparently obese, body mass index (BMI) was not measured and could be a confounding variable since BMI is inversely correlated with both total and free testosterone levels in both obese and non-obese men (Svartberg et al., 2004; Vermeulen et al., 1996) and BMI is inversely associated with verbal memory performance in men (Cournot et al., 2006) . In summary, the major findings of this study were that significant quadratic associations were found between both free and bioavailable testosterone levels and working memory function in our sample of elderly men. However, no other relationships were evident between either estradiol or testosterone levels and any of the other cognitive functions evaluated. Interestingly, the results of our study are consistent with those of Alibhai et al. (2009) who concluded that sex steroid hormones did not generally appear to be significantly associated with cognitive function in their sample of older men, with the possible exception of working memory. However, because a considerable proportion of the healthy elderly men in our sample met criteria for hypogonadism, it is possible that their low hormone levels may have mitigated against finding significant linear relationships with their cognitive performance. Since 34-68% of older men in their 60s and 70s can be expected to be hypogonadal when free testosterone index criteria are used (Harman et al., 2001) , their reduced variability in sex steroid hormone levels is an inherent challenge in the effort to evaluate their hormone-cognition relationships and probably explains some of the discrepancies in the literature. It would therefore be helpful if future studies report the proportion of men in their samples who meet standards for hypogonadism using a standardized set of criteria (e.g., ISSAM guidelines; see Morales and Lunenfeld, 2002; or Wang et al., 2008) . In addition, large-scale longitudinal studies in which free and bioavailable measures of testosterone and estradiol are measured in narrower age ranges of healthy older men are needed to further evaluate the impact of declining gonadal hormone levels on cognitive aging in men.
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